Epidemics resembling influenza can be found throughout recorded history, but there can be no confidence ofthe diagnosis before the descriptions of the epidemics occurring in the seventeenth century. Opinion has always been divided as to the mechanisms by which these epidemics are produced. As at present, most of the physicians of olden times favoured the concept that an infectious agent was spreading directly from the sick patient to his susceptible companions who promptly developed influenza, but many careful observers, August Hirsch' and Charles Creighton2 for example, found it impossible to explain the epidemic behaviour of influenza in such simple terms. It seemed that a solution to the epidemiological difficulties must await the discovery of the causal organism. The first isolation of a virus causing human influenza was achieved during the 1932/33 epidemic by Smith, Andrewes and Laidlaw3, but, far from explaining the epidemic mechanism, the identification of the causal parasite initiated a chain of discoveries that multiplied the problems demanding explanation.
Andrewes (Figure 1 ), naturalist and physician, with an enquiring and ingenious mind and a felicitous turn of phrase, has occupied himself with the problems presented by influenza, and it is fascinating Figure 1 . Ardrewes versus 'flu to follow the development of his ideas during thirty years subsequent to his discovery. Information was coming from many parts of the world concerning the physicochemical structure ofthe virus and the movement of the epidemics, and he often anticipated by many years the propositions that characterize more recent hypotheses, only to hesitate or draw back because of what appeared to be contrary evidence.
Does the virus spread directly from the sick person?
In 19424 we find him already questioning the current hypothesis of direct spread: 'Where is the virus between epidemics? No carriers are found. The antibody level in the population falls [between epidemics]'. Influenza had been almost absent from Great Britain in 1934, 1936, 1938, 1940 and 1942 , but big outbreaks both there and in America had occurred in 1929, 1933 and 1937. 'The virus disappears for 21 months out of the 24. The British two-yearly rhythms seem to coincide with those on most of the European continent and in North America. So that one can hardly imagine that the virus keeps going by means of infection spreading from one place to another and finally going back to its starting-place. Not even if we bring in the Southern hemisphere can that theory be made to work.' Shope' had discovered the swine influenza virus a year or two before the discovery of the human virus and had proposed that it survives by a cycle involving the pig, its lungworms and the earthworm. Andrewes describes the thesis and proceeds: 'It seems to me very likely that human influenza virus also can exist in occult form ... not necessarily outside the human body'. Is there perhaps, he asks, an interepidemic basic influenza virus, stripped of those properties that make it recognizable, hidden in some human or other site? 'A moderate view would picture epidemics of influenza not as arising from a single source, nor yet from latent infections of ubiquitous distribution, but rather from a limited number of scattered foci.' It was to be many years before the existence of influenza virus in various forms of persistency and latency were found to be not uncommon as a mode of parasitism in birds and mammals. A recent concept ofinfluenzal epidemicity in man also postulates virus latency as an integral part of the epidemic process6, but, although latent forms of influenza virus originating from human infections occur in cell and organ culture, they have yet to be detected in the human host.
Burnet had suggested to Andrewes that the first epidemic cases might occur in persons with low antibody protection, but that subsequent virus of greater potency might be able to breach the immunity ofthose with more antibody. 'Thus', continued Andrewes, 'when virulence had been stepped up locally, further spread by droplet infection could occur in the orthodox way'.
The phrases italicized show that in these early speculations Andrewes, already aware of the need to postulate the existence ofinfluenza virus latency, was reluctant to allow it as a universal feature, and was attempting to retain the major role for a mechanism depending on direct transmissions from the sick.
The question of carriers In his 1944 Dunham lectures Burnet7 said: 'as yet there is no visible alternative to the view that human influenza viruses survive between epidemic periods in the tissues ofhuman carriers'. He envisaged a system like the mode of carriage of herpes simplex virus, a group of respiratory cells, latently infected with influenza virus, only called into activity by some appropriate stimulus, perhaps cold or some particular climatic state. Earlier Andrewes4 had warned against thinking parochially in terms of an English January because influenza is ubiquitous, yet as late as 19578 we find him falling into that very trap: 'This dependency of influenza on season must engage our careful attention ... I shall refer to the strange operative effect of season as "winter factor" . . .', an unfortunate title because he and others had already drawn attention to the operation of a seasonal factor upon epidemic influenza in parts of the globe where winter as a cold season does not occur. Nevertheless, his insistence on the importance ofseason anticipates the more recent hypothesis of which the operation of the seasonal influence is a key concept6.
Burnet in his lecture pointed out that no systematic search for carriers of latent influenza virus had been made and that, in any case, such a search was unlikely to be successful because of the difficulty of discovering virus in its latent condition. Epidemiology was therefore at that time the only evidence available on the carrier question.
Burnet, from Melbourne, Australia, worked for a while with Andrewes at the National Institute for Medical Research at Hampstead, London, a centre that was collating information about influenza coming from most parts of the world. They were puzzled by the timing of the epidemics, contemporaneous or sequential, in-different countries. In 1949 Andrewes9 asks whether spread from country to country is really happening or 'whether circumstances change in seriesfrom one country to another, activating endemic virus in each and creating an illusion of the spread ofthe infection'. Here also he is anticipating an important proposition ofthe much later hypothesis6. However, he immediately retracts the suggestion: 'Fortunately the studies made this year seem conclusive that a genuine spread has occurred because the 1949 viruses from Italy, France, Switzerland, Holland, Great Britain and Iceland were of one antigenic type close to but distinct from A prime strains obtained in Australia in 1946 and in Europe and America in 1947. Amongst themselves the 1949 viruses were of remarkable homogeneity.' He is making an assumption common to much epidemiological thinking, namely that antigenic identity of the viruses necessarily proves that direct spread has been occurring, an assumption that has been a barrier to providing an alternative hypothesis of influenzal epidemiology. The 1979 concept6 of virus latency with seasonal reactivation proposes such an alternative mechanism not dependent on direct spread from the sick.
For Andrewes this assurance ofthe reality ofdirect spread was to be short-lived. In 195110 he writes: 'I have previously suggested that between epidemics 'flu virus may exist in a modified phase ... There is no certainty as to whether influenza really spreads from country to country as it seems to do, or whether endemic viruses are successively activated in different countries producing the illusion of invasion across frontiers ... Unless all our thoughts are wrong an influenza epidemic must occur where there is underground virus to emerge ... A point to note in the beginnings of epidemics is their apparent multifocal origin.'
Transequatorial swing and arctic terns Observers soon became aware that in southern latitudes influenza epidemics precede or succeed those of northern latitudes by about six months. Burnet had proposed a hypothesis of transequatorial swing whereby influenza was enabled to keep travelling continuously across the globe only in the winter months. Andrews'0, the keen naturalist, was intrigued: 'In complete contrast ... is the view of transequatorial swing ... Can it be that 'flu can only keep going in the winter to and fro across the equator, much as the arctic tern migrates yearly from the Arctic to the Antarctic and back? ... I should be reluctant to believe that this was the only mechanism of persistence of influenza ...
[It] could have origins of two sorts, one from beyond the equator, another from nearer home'. The 1979 concept6 avoids the difficulty by proposing that it is not the virus that is travelling, but it is the seasonally mediated stimulus recalling to activity the latent virus in ubiquitous carriers that is swinging annually north, south and north across the globe and so providing opportunity for epidemics to spring up in its wake.
'Herd immunity' In the 1951 paper10 Andrewes canvasses the possible importance ofherd immunity: 'It would seem possible that (the underground virus'] emergence would be hindered by a high level of herd immunity. At the fringe of its exploits, however, herd immunity would be lower ... and its reappearance might become more possible.' The concept of herd immunity has bedevilled epidemiological theory in influenza. It is not usually precisely defined, and it is wrongly invoked when only non-immune persons are attacked as in influenza. Herd immunity does, in fact, play an important role and it features in the new concept6, but the role is not that suggested in the earlier speculations.
A year later Andrewes11 introduced an important new conception that was to colour all his later hypotheses: 'It may be that ... if you ... encounter first a small dose of virus, your basic immunity is stimulated to permit rapid overcoming of a bigger dose later on. If you are less lucky, you meet a heavy dose initially and then go down with flu.' His experiments had shown that subclinical or overt infections could be produced at will in mice by adjusting the infecting dose of the virus. A mystery indeed! The 1979 concept6 proposes that the explanation must lie in some metamorphosis whereby the earlier virus is transmuted into its successor, and it suggests a possible mechanism that simultaneously explains antigenic drift without invoking herd immunity. The 'Asian' influenza A pandemic of 1957 had so many surprising features that it caused epidemiologists to rethink their theories, and the results are still reverberating. The HlNl influenza A viruses, that had been causing all the recorded type A influenza in the world for a dozen years, disappeared in 1957 and were everywhere replaced within a few months by novel H2N2 influenza A virus strains.
Andrewes was intrigued with the phenomenon12. 'It can be argued ... that there has been subclinical spread of infection with that virus, or that it has been seeded somehow into a few places, or that mutation to a new type [subtype] has occurred in several places at once ... there is evidence that influenza virus may be latent in a particular area, to be activated when, with colder weather, things are more favourable for an epidemic ... We do not know where influenza lies concealed between epidemics ... there has always been some herd immunity as a result of previous epidemics.' Andrewes could not then know that the H2N2 strain is a hybrid, four of its eight genes having been retained from the HlNl virus and the other fourincluding those coding for haemagglutinin (HA) and neuraminidase (NA)being derived from other sources, perhaps from animal influenza viruses. Nor could he then have known that both HlNl and H2N2 influenza A viruses had had previous eras of world dominance many years before. These two discoveries were to divide the influenzal epidemiologists into two campssome who see the origin of major serotypes, and their retention between their eras of dominance, in the great genetic pool of influenza virus now known to exist in wild and domestic animals, and others who consider that the phenomena can be explained by retention and recycling entirely within the human species. The zoonotic versus anthroponotic argument is still unsettled and indeed the truth may be found to involve both mechanisms.
Problem of hybrids
By 1970 the molecular structure of influenza virus was being explored in precise detail, and it was clear that small mutations in the gene coding for the HA molecule and in that for the NA molecule were responsible for the almost seasonal minor variations designated as antigenic drift. The causation of antigenic shifts, the much larger variations leading to the appearance of new major serotypes, was less clear. Undoubtedly at some point hybridization had led to the change from HlNl to H2N2 strains in 1957, and a smaller hybridization involving only the gene coding for HA had caused the change from H2N2 to H3N2 strains in the 'Hong Kong' viruses that replaced them in 1968. On the other hand, the change noted by Andrewes from 'orthodox A's' to 'A-primes' in 1947, i.e. from HON1 to HlNl, was caused by a mutation on the gene coding for HA larger than those mutations responsible for seasonal antigenic drift.
In his Zagreb lecture of 1970, Andrewes'3 gave a systematic review of some of the conundrums still facing the epidemiologist about influenza. What happens to influenza between epidemics? Is the answer virus persistence? Where do dramatically new strains like Asian virus come from? From Asia? From human-animal strains uniting to create hybrids? Does the virus, as Francis suggested many years ago, possess only a finite number of antigenic components to be shuffled like a Rubik's cube, or (as Andrewes thought likely) are the surface antigens (HA and NA) modified chemically in response to hostile elements such as herd immunity? 'Such modifications might result in a return to a previously dominant antigen. The two hypotheses are thus only slightly in conflict.' He cites the serological evidence of Mulder and Masurel"4 that strains closely related to those dominant since 1932 must have had similar successive eras of dominance in the last century and in the early years ofthe present century. 'Why, when a novel variant arises do older strains quickly and almost totally disappear? ... It is hard to imagine how a new virus sweeps the board clean of the old ones. Possibly they have already exhausted the possibilities of spread during a decade or so and, until they have done so and are ready to depart, no new virus can get a foothold. Possibly they have not really disappeared but havegone wholly underground, waiting to emerge 70years later. Possibly the new virus in its invisible inter-epidemic pha8e can suppress the old viruses in a similar phase.' Much in these speculations anticipates later concepts.
Andrewes returns to the problem of the seasonal nature ofinfluenza that he designated 'winter factor' and he now discounts the influence of severe weather, suggesting instead that during the summer there is a slow build-up of virulence in the occult underground phase of the virus. It might occur only locally, but then: 'the rejuvenated virus could initiate spread across continents'.
There was a dramatic difference both in Britain and in the USA between the severity of the first and second 'Hong Kong' H3N2 influenza A epidemics which he explains as being caused by two strains of the H3N2 virus 'antigenically indistinguishable, yet differing in virulence'. This prediction was verified when in 1983 a similar situation occurred in chicken flocks in Pennsylvania, in which a mild influenza (fowl plague) epidemic suddenly became lethal after a few months'5, a worrying transformation ultimately traced to a very minor change in the HA molecule.
Andrewes considered that many of the puzzles might be explicable on simple quantitative factors. Some infected individuals may be shedding a million-fold more virus than others, and: 'heavy virus-shedders may be all-important. Davenport has maintained ... that children are particularly effective shedders . . .' The outcome of receiving a dose of virus, disease or subclinical infection, might depend on the dose inhaled.
In 1972 Andrewes was invited to the Fourth International Workshop on influenza at Gaithesburg, USA, but was unable to attend. He commissioned a friend to read a letter in his famous undecipherable handwriting to the assembled experts'6, outlining an attractive and coherent hypothesis drawing together a number of his speculations: (1) If a susceptible person receives a large dose of influenza virus, he promptly develops influenza and becomes solidly immunized against reinfection by viruses belonging to the same major serotype. (2) Influenza is so infectious during epidemics that in any household most susceptible persons are simultaneously infected, so that those receiving small doses are protected from picking up clinically evident disease from their stricken housemates. (3) Although those who were ill will remain immune against viruses ofthe same major serotype for life, those subclinically infected become susceptible again in subsequent seasons.
This hypothesis explains a number of puzzles, for example the observation that population antibody levels that had increased after an epidemic tended to fall in the interepidemic period. It also explains the low secondary attack rate sometimes reported in household studies. Moreover, the transient immunity in those with inapparent infections offers an ingenious mechanism for antigenic drift, because they might retain sufficient trace of immunity in a subsequent season to select a minor mutant in place of a strain identical with that which had caused their immunity. The mechanism of drift would thus be caused by the immunity of the recipient in contrast with that suggested in the 1979 concept6, which proposes that the donor himself provides the immunity which arrests strains identical with the progenitor and so favours the minor mutants. Some consequences of Andrewes' hypothesis are not consistent with epidemiological findings. For example, although those who have had a subclinical attack might favour the minor mutant, the persons who have had no infection would be infected by the far more abundant virus particles identical with the previous virus so that, after a few seasons, a much more diverse medley of contemporaneous antigenic strains would be expected than is actually found. There is no explanation of antigenic shift, nor of the vanishing of major seretypes and their worldwide replacement within six months by a novel virus. The hypothesis does not explain how epidemics terminate in the presence of abundant available susceptibles, nor how the virus survives between epidemics. Andrewes agrees that latency in some form must be occurring. The influence of season, admitted to be important, is also ignored in the hypothesis.
The futuresolving the jig-saw puzzle By the time that Andrewes left the active study of influenza, he and his many colleagues throughout the world had provided, by field observation, laboratory findings and experiment, the foundation upon which knowledge has been accumulating since 1972. We now see the animal kingdom as widely parasitized by influenza A viruses, many species of birds and mammals having evolved their own peculiar hostparasite relationship with the virus. For example, the black-headed gull, a colonial bird, commonly harbours the virus without apparent ill effect and transmits it vertically to its embryo offspring before the eggs are laid'7. Flocks of wild and domestic ducks are often harbouring many major variants of influenza virus, and indeed all the 30 known combinations of genes coding for HA and NA have been found in influenza A viruses in ducks. The ducks suffer little from their infection which is mostly located in their digestive tract, and young wild duck may obtain the virus from infected lakewater during annual congregations determined by the social behaviour of the bird. An individual duck may harbour several variants ofthe virus simultaneously, thus providing splendid opportunity for the natural production of hybrids'8"9
Domestic swine have a special influenzal relationship with man, having received pandemic and other H3N2 strains from our 'Hong Kong' pandemic of 1968 and subsequent epidemics. Both viruses have become adapted to survival in herds of swine in many parts of the world, and Kilbourne20 has proposed an elegant hypothesis using domestic swine to explain the recurrent eras of human infection with successive major serotypes of influenza A virus. Sows can transmit the infection transplacentally to their piglets21. Mice also can transmit influenza virus to their offspring, even when the dam was infected before she became pregnant. The luckless infant mice may later suffer a 'slow virus' type of illness with stunting of growth, severe hormone disturbances, near hairlessness and sometimes death from the disease22.
In the core of the virus the genes are so loosely connected that they seem designed for ease ofhybridization, and transmissions of the virus from one host species to another, many resulting in hybrid viruses, are being increasingly reported. Thousands of seals have died as a result of infection by avian influenza viruses23.
It has only been possible here to provide a glimpse of the great accession of knowledge about the many modes ofparasitism available to the influenza A virus, yet despite these advances we still do not understand the epidemiology of the disease in mankind. More than a dozen familiar features of its behaviour are inexplicable on the current concept of direct spread from the sick. We are basing our strategies on a picture of epidemic influenza which we know to be incorrect, and it is urgent that we elucidate the mechanisms. The genes coding for HA and NA of certain human influenza A viruses were at some periods derived from an avian and a mammalian strain and indicate a part ofthe evolutionary history of human influenza. Yet the fact that for more than a century there have been recurrent eras ofdominance of only fivesome say only three24 -major serotypes in our own species, suggests that the influenza A viruses have evolved a host-parasite relationship with the human host whereby they are enabled to survive solely by parasitism of mankind.
At the colloquium in 1983 celebrating the 50th anniversary of the discovery of the human influenza virus, Andrewes25 drew attention to the possible key importance ofsome form oflatency in the human host for understanding the behaviour of the epidemic disease. Experimenting on humans, he said, is not without its drawbacks. The pig is probably the best substitute, with its habit of acquiring human influenza virus as an endemic infection, and then, like man, suffering seasonal epizootics. He therefore issued a slogan: 'Back to the pig'.
The present paper honours Sir Christopher Andrewes at 90. Many persons all over the world have reason to be grateful for his friendship, help, enthusiasm and encouragement.
